NA 2016, 'Software simulation and experimental characterisation of a rotationally asymmetrical concentrator under direct and diffuse solar radiation ', Energy Conversion and Management, vol. 122,://doi.Abstract: Making housing carbon neutral is one of the European Union (EU) targets with the 22 aim to reduce energy consumption and to increase on-site renewable energy generation in the 23 domestic sector. Optical concentrators have a strong potential to minimise the cost of 24 building integrated photovoltaic (BIPV) systems by replacing expensive photovoltaic (PV) 25 material whilst maintaining the same electrical output. In this work, the performance of a 26 recently patented optical concentrator known as the rotationally asymmetrical dielectric 27 totally internally reflective concentrator (RADTIRC) was analysed under direct and diffuse 28 light conditions. The RADTIRC has a geometrical concentration gain of 4.969 and two half 29 acceptance angles of ± 40˚ and ± 30˚ respectively along the two axes. Simulation and 30 experimental work has been carried out to determine the optical concentration gain and the 31 angular response of the concentrator. It was found that the RADTIRC has an optical 32 concentration gain of 4.66 under direct irradiance and 1.94 under diffuse irradiance. The 33 experimental results for the single concentrator showed a reduction in concentration gain of
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154
Figure 1: Generation of an RADTIRC design from a series of 2D DTIRC design [15] .
156
The concentrator has a half-acceptance angle along the x-axis of ±30° representing the 157 change of the solar altitude angle during the year. An example of a variation of the 158 RADTIRC is presented in Figure 2 . The rays are refracted at the curved entrance aperture and 159 reflected at the hyperboloid side profile towards the cell (Figure 2(b) ). The side profile along 160 the z-axis is parabolic and has a half acceptance angle of ±40° which represents the change of 161 the angle of incidence during the day (Figure 2(c) ). As a result, this concentrator does not 162 require an electromechanical tracking system, but can capture sunlight during the year and 163 during the day acting as a passive tracker [15] . Ray tracing is used to design and analyse optical imaging and illumination systems.
181
Commercial software like ZEMAX, Code, Oslo and OptisWorks perform an analysis in 182 vector form using ray tracing algorithms at high speed. In this project the ZEMAX
183
OpticStudio was used to carry out the optical analysis. OpticStudio is an industrial standard 184 optical system design software, which is developed for sequential lens design, analysis and 7 optimisation, non-sequential optical system design, polarization, thin film modelling and has 186 the function of mechanical CAD Import /Export [33] .
187
The main aim of the simulations in this paper is to obtain the optical efficiency (the 
214
In order to obtain the optical efficiency, total ray hits at the entrance aperture and at 215 the exit aperture need to be known. From Figure 2 (a), it can be seen that the entrance aperture 216 of the RADTIRC is a faceted dome-shape. The built-in detector in ZEMAX is incapable of 217 creating a specific faceted dome-shape to cater for the RADTIRC (it can only cater for a 218 8 rectangular shape such as the one attached at the exit aperture of the RADTIRC or a circular 219 shape such as the one attached at the exit aperture of the 3D rotationally symmetrical DTIRC.
220
Therefore, some 'modifications' were carried out to obtain the flux at the entrance aperture.
221
The first simulation is carried out without the 'cap' of the concentrator placed on the 222 detector as shown in Figure 4 and the second simulation with both the detector and the 'cap'.
223
The 'cap' is created by joining the x-y points on the entrance aperture of the concentrator to 
235
Having obtained flux at the entrance, flux at the exit needs to be determined as well.
236
In order to do that, a detector of 100 mm 2 in size according to the solar cell size was attached 237 to the bottom of the concentrator. It detects the rays which entered the concentrator and were 238 refracted towards the exit aperture. The refractive index of the concentrator was set at 1.50.
239
As mirrored in the experiment which will be described in the following Section 4, a 1 mm 240 layer of index matching gel is placed between the concentrator and the detector. The index of 241 refraction is set to 1.4418 as stated in the Sylgard 184 adhesive gel datasheet.
242
Optical efficiency describes the percentage of rays reaching the exit of those rays that 243 passed through the entrance; hence rays that arrive from the side are ignored. Thus a box is 244 placed around the concentrator to eliminate incidence from the sides. A hole was created at 245 the top-centre of the box which has the same coordinates as the cap to provide optimum 246 fitting.
247
The simulation is run with the box with different angles of incidence. This is due to 248 the entrance aperture of the concentrator not being perfectly flat, shade was introduced onto 249 the entrance aperture when the concentrator and the box were tilted. As a result the power 250 source was rotated instead to prevent this undesirable shade and the box was lowered to free 251 the entire entrance aperture as shown in Figure 5 . 
254
The position of the source was calculated for each tilt angle to make sure that the 255 concentrator is entirely covered with rays and a distance of 350 mm between the concentrator 256 and the source is kept. However due to the complex design of the entrance aperture small 257 parts of the side profiles are exposed to light when the source is tilted. This introduces 258 additional rays from the side and as a result increases the concentration gain at larger tilt 
304
The optical concentration gain at 0˚ along the x-and the z-axis is 6.01% and 8.3%
305
lower when compared to the geometric concentration gain respectively. This is due to 306 reflection of rays at the surface of the entrance aperture and rays escaping through the side 307 profile. As expected, the optical concentration gain is slightly higher along the x-axis with the 308 narrower field of view than along the z-axis. For tilt angles between ±20° the optical 309 concentration gain along the x-axis is relatively flat with a slight increase between ±15° and 310 ±20°. This is because parts of the side profiles are being exposed to the light at these angles.
311
The gain starts decreasing gradually when the tilt angle is between ±20° and ±25°. After
312
±25°, the optical concentration gain along the x-axis reduces greatly, thus the acceptance 313 angle is smaller than designed. This is due to the loss of rays through the side profile at larger 314 angles of incidence. When the angle of incidence at the entrance aperture increases, more 
324
The concentration gain along the z-axis is ideally flat for angles of incidence between 325 ±25°. After ±30°, it experiences a sharp drop unlike the expected result which was at ±40° for 326 the same reasons as discussed before. However the concentration gain at the maximum 327 acceptance angles is still greater than 1. Moreover the concentrator accepts sun light until 328 ±50° along the x-plane and until ±60° along the z-plane even though it is designed for ±30° 329 and ±40° respectively. The disagreements between the expected and received results are due 330 to the fact that the geometrical properties of the concentrator designed in MATLAB were 331 defined to maximise the output at each angle of rotation around its axis of symmetry.
332
However the information of what happens between the steps is not given, which leads to the 333 unexpected results. power at the detector with the concentrator P with-con by the one obtained without the 364 concentrator, P without-con [36] (see Equation (1)).
365
366 higher by factor 2.4. This is because the concentrator design was optimised for direct 385 irradiance and the field of view is therefore limited.
386
Using the optical concentration gain definition, an optical efficiency of 41% was 387 calculated. However this includes rays coming from the sides and not only through the 388 entrance aperture as the definition describes. To be able to compare the optical efficiency 
397
The results from diffuse simulation shows that the output is nearly doubled compared 
416
The silicon solar cells are provided by Solar Capture Technologies Ltd and are Laser ratios below 10. A cell efficiency of 14.9% was determined experimentally. According to the 419 data sheet the cell size is 100 mm 2 . However following measurements presented in Figure 11 , 
438
Each tabbed cell is attached to a 70 mm x70 mm x 40 mm glass plate using superglue.
439
In order to prevent the encapsulation material for the concentrators from overflowing, a foam 
464
When the concentrator is placed on the cells, it tends to slide due to the low viscosity 465 of the silicon. Additional precision is required to prevent misalignment between cell and 466 concentrator which can lead to significant optical losses (see Figure 12(b) ). Furthermore air 467 bubbles must not be introduced between the concentrator and the cell. The sample is left for 468 curing at room temperature for 48 hours. 
476
The experimental setup is shown in Figure 13 , and the main characteristics of the components 477 used in the experimental setup are presented in Table 1 . 
518
Since short circuit current is proportional to irradiance, it was increased by a factor of 519 4.47 due to the concentration of light on the solar cell area. The voltage was increased 520 slightly which leads to an increased maximum power by a factor of 5.1. The fill factor (FF),
521
which describes how well the I-V curve approaches a rectangular shape was improved from 522 0.76 to 0.78. It was calculated by using Equation (2) [44]:
The angular response is the performance of the system at different angles of 525 incidence. The opto-electronic gain is determined at tilt angles between 0° and ±60° in order 
537
In contrast to the results from the optical concentration gain, the opto-electronic gain 538 has similar results on both the z-axis and x-axis at angles of incidence between ±20°. The 539 difference of 2.5% as determined from the simulation was due to the manufacturing 540 inaccuracy. The concentration gain at angles greater than ±20° is higher along the z-plane due 541 to the larger acceptance angle.
542
It can be observed that the opto-electronic gain is lower than the optical concentration Figure 16(a) .
554
This can be due to a reduced active area of the cell, which can be caused by the 555 tabbing wire being too wide or the imprecise size of the solar cell. The moulding technique 556 itself introduces further errors. Firstly small particles are included inside the concentrator as 557 shown in Figure 16 (b) which leads to refraction or reflection of rays at the particle. Secondly 558 since the polymer is injected into the mould, the solidification process couldcreate multiple 559 thin layers that has difference refractive indices which can lead to a change of the ray's path.
560
The losses along the x-axis are higher than along the z-axis. This is due to the 561 polishing of moulding marks on the two sides as discussed in Section 3 as those areas are 562 crucial for the reflection of rays, hence this leads to optical losses. In conclusion, the 563 reduction in gain between the simulation result and the experimental result along the z-axis is 564 1.9% and along the x-axis is 4.2% at normal incidence. 
604
The exact amounts of direct and diffuse light can be calculated when the sun angle is 605 known, which can either be determined manually or using the software tools provided on 606 websites like www.sonnenverlauf.de. Depending on how overcast the day is, a different factor 607 ݇ ் will need to be determined using Equation (3) 
619
For the values given in Equation (3) To validate that the opto-electronic concentration gain was increased by additional 648 light reflected from the buildings, the simulations were repeated and the coating of the dome 649 was set to 50% reflectivity. This increased the concentration of rays by 5% whereas the 650 amount of rays on the flat solar cell stays the same. The fact that the detector without the 651 concentrator does not receive more rays shows that the reflectance from the top of the dome 652 is not significant. Therefore we can assume that the simulation is suitable to simulate the 653 reflectance of the buildings around the experimental site. With a dome reflectivity of 50%, 654 the optical concentration gain was increased to 2.03. That shows the influence of reflection 655 on the performance of the concentrator.
656
Another influencing factor is the ground reflection. Ground reflection is not 657 considered for horizontal surfaces thus for the solar cell device but for tilted surfaces. The 
660
The irradiance reflected onto a tilted surface is calculated using Equation (5) [46].
661
Albedo A is constant which depends on the type of surface, γ t is the angle of the side profile 
693
It can be concluded that the RADTIRC has the ability to improve the performance of
694
BICPV systems by increasing the electrical output when compared to a non-concentrating PV 695 system with the same volume of PV material. Savings in PV material, increased natural 696 illumination and heat generation make the implementation BIPV systems more attractive.
697
Therefore the BICPV technology can contribute to the EU target of more carbon neutral 698 buildings, an increased technology efficiency and more renewable energy generation.
699
The next research step is the investigation of cooling possibilities of the system in 
